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Changes in the nitrate
assimilation pathway serve as
a component of maize stress
response to competition cues
William Kramer1†, Sasan Amirsadeghi2†,
Andrew McKenzie-Gopsill 3 and Clarence J. Swanton2*

1College of Agricultural Sciences, Colorado State University, Fort Collins, CO, United States,
2Department of Plant Agriculture, University of Guelph, Guelph, ON, Canada, 3Charlottetown
Research and Development Centre, Agriculture and Agri-Food Canada, Charlottetown, PE, Canada
The impact of plant competition cues on nitrate levels and their assimilation in

major crop plants remains largely unknown. This study investigated how low red

to far-red (R:FR) light, a signal of plant competition, affects nitrate levels and

assimilation in maize and soybean seedlings. Maize and soybean seedlings were

exposed to low R:FR light conditions (R:FR ≈ 0.5) that mimicked nearby weeds or

artificial sources. Additional treatments included individual soybean seedlings

subjected to a soybean canopy. Biochemical assays and RNA-sequencing were

used to assess nitrate levels, assimilation-related enzymes, and gene expression.

Low R:FR light led to increased leaf nitrate levels in maize by 95% and 52%

compared to the weed-free control (R:FR ≈ 2.8), and in soybean by 50% and 63%,

while ammonium levels remained unchanged. A 37% increase in leaf nitrate level

was also observed in soybean exposed to canopy conditions. In maize, nitrate

accumulation was linked to reduced activity of ferredoxin-dependent

glutamine:2-oxoglutarate aminotransferase (fd-GOGAT), while activities of

nitrate reductase, nitrite reductase, glutamine synthetase, and NADH-GOGAT

were unaffected. RNA-sequencing of maize leaves did not show altered

expression of tonoplast localized nitrate transporter genes. These findings

suggest that low R:FR light, as a plant competition cue, promotes nitrate

accumulation in maize and soybean, potentially by altering nitrate assimilation

pathways rather than transport or storage. This response may influence crop

growth and metabolism under competition stress.
KEYWORDS

kin plants, low red to far-red signal, nitrogen assimilation enzymes, RNA-sequencing,
shade avoidance syndrome, transporter genes, weed-crop interaction
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Introduction

Nitrate, as a major source of mineral nitrogen (N), regulates a

wide array of plant processes including seed dormancy and

germination, seedling establishment, root system architecture,

shoot growth, and flowering time (Vidal et al., 2020). Plants

utilize nitrate through the processes of uptake, assimilation,

translocation, recycling, and remobilization to support yield

(Masclaux-Daubresse et al., 2010). Nitrate uptake occurs via four

elaborate processes known as constitutive high- and low-affinity,

and inducible high- and low-affinity transport systems (Tsay et al.,

2007; Léran et al., 2014). Nitrate assimilation to ammonium then

occurs via two enzymatic reactions. Once nitrate is transported

inside the cell, the assimilatory nitrate reductase (NR) catalyses the

conversion of nitrate to nitrite, which is transported to the plastids

either through diffusion of the protonated form (HNO2) or active

transport of ionic form via the action of various nitrite transporters

(Brunswick and Cresswell, 1988; Shingles et al., 1996; Sugiura et al.,

2007). Then, nitrite reductase (NiR) catalyses the conversion of

nitrite to ammonium. The assimilation of ammonium into amino

acids occurs through sequential reactions of glutamine synthetase

(GS) and glutamine:2-oxoglutarate aminotransferase (GOGAT;

also known as glutamate synthase). The former catalyses the

ATP-dependent condensation of glutamate and ammonium to

form glutamine and the latter catalyses the transfer of the amide

group from glutamine to 2-oxoglutarate to form glutamate using

either pyridine nucleotides (NADH/NADPH) or ferredoxin (fd) as

reductants (Zayed et al., 2023; Yoneyama and Suzuki, 2020; Krapp,

2015; Sherameti et al., 2002).

In plants, nitrate levels and activities of nitrate assimilation

enzymes are regulated by a multitude of both external and internal

factors, and in particular light (Bian et al., 2020; Umar and Iqbal,

2007; Krapp, 2015; Lillo, 2008). There is, however, a dearth of

knowledge on nitrate assimilation under conditions such as weed-

crop competition, where reflected far-red light from neighbouring

weeds triggers the undesirable shade avoidance syndrome (SAS)

that negatively affects crop yield (Huber et al., 2021). In natural

ecosystems, SAS is often viewed as an adaptive response to increase

the fitness of individuals through shoot and internode elongation

and maximize light capture (Ruberti et al., 2012). Conversely in

agricultural systems, crop plants’ expression of the SAS can reduce

biomass accumulation and create a maladapted phenotype

especially when weeds are removed through active management

practices (Schambow et al., 2019; Page et al., 2009; Weinig and

Delph, 2001). In this regard, spinach seedlings exposed to a five-day

pre-harvest treatment of supplemental FR light (735 nm LED)

displayed a 10-fold increase in leaf nitrate concentration compared

with the control (Johnson et al., 1999). Earlier studies showed light-

dependent induction of NR activity in radish cotyledons and maize

seedlings (Beevers et al., 1965). Further, reversible control of NR

activity by red (R) and far-red (FR) light was demonstrated in

etiolated terminal buds of field peas (Jones and Sheard, 1972), rice

seedlings (Sasakawa and Yamamoto, 1979), and squash cotyledons

(Rajasekhar et al., 1988). In Arabidopsis seedlings, accumulation of

NR transcripts in response to FR light corresponded to the
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phytochrome-mediated very low fluence response, and NR

activity was strongly induced by white light (Pilgrim et al., 1993).

Phytochrome-mediated NR responses have been reported in several

etiolated plant species (Lillo and Appenroth, 2001) including the

low fluence response of NR in maize (Sharma et al., 1994;

Raghuram and Sopory, 1999). Subsequent studies showed that

two downstream components of phytochrome signaling,

ELONGATED HYPOCOTYL 5 (HY5) and HY5 homolog

(HYH), were indispensable for phytochrome-mediated light

induction of NR activity (Jonassen et al., 2008). In tobacco,

coaction of nitrate and light was required for higher induction of

NiR transcripts and high irradiance response of phytochrome was

involved in higher NiR activity (Neininger et al., 1992). In addition,

Arabidopsis HY5 was essential for high level expression of NiR1

gene as well as NiR1 activity under nitrogen limited conditions

(Huang et al., 2015).

Following nitrate assimilation, light also regulates the activities

of enzymes involved in the conversion of nitrate to ammonia. For

example, illumination of etiolated maize leaves increased the

plastidic glutamine synthetase (GS) and ferredoxin-dependent

glutamine:2-oxoglutarate aminotransferase (fd-GOGAT) levels

(Sakakibara et al., 1992). Light is required for nitrate induction of

fd-GOGAT activity in barley seedlings (Pajuelo et al., 1997), and

continuous light increases the transcription and activity of fd-

GOGAT in maize, when exposed to nitrate or ammonium in the

environment (Suzuki et al., 1996). In addition to fluence rate, shifts

in light quality are also known to induce changes in activities of

GOGAT enzymes such that red light pulses induce NADH-

GOGAT, whereas FR light pulses can induce fd-GOGAT (Hecht

et al., 1988).

In addition to external factors, a wide array of internal cellular

factors can affect shoot nitrate content. For example, nitrate

transporters (NRTs) play pivotal roles in the movement and

accumulation of nitrate within plant leaves (Hu et al., 2014).

Notably, low-affinity NRT1, high-affinity NRT2, and nitrate and

peptide transporter family member NPF2.13 (NRT1.7) are involved

in the uptake, transport, and storage of nitrate, which can lead to its

accumulation in leaves (Krapp et al., 2014; Dechorgnat et al., 2011;

Fan et al., 2009). Chloride channel (CLC) transporters, specifically

CLCa (a vacuolar nitrate transporter) plays a crucial role in nitrate

accumulation in plant leaves (Hodin et al., 2023; von der Fecht-

Bartenbach et al., 2010). Changes in the allocation and distribution

of amino acids within the plant by amino acid transporters such as

amino acid permeases (AAPs) can also affect overall nitrogen

metabolism and nitrate levels in the leaves (Perchlik and Tegeder,

2018). Further, peptide transporters, which are involved in the

transport of peptides and other molecules across cell membranes

can affect the distribution and allocation of nitrogen within the

plants and thereby impact nitrate levels in the leaves (Komarova

et al., 2008).

While many environmental factors that influence nitrate levels

and its assimilation have been identified, the effects of low R:FR

signals emanating from neighbouring weeds or kin plants on the

nitrate assimilation pathway in major crop plants remain largely

unexplored. In this study, maize and soybean were exposed to
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biological (neighbouring weeds) and artificial (FR LEDs) sources of

low R:FR light to test the hypothesis that, under resource-

independent competition, the low R:FR light emitted by

neighbouring weeds could affect the nitrate assimilation pathway

similar to that triggered by an artificial low R:FR light source. In

both plant systems, the results were consistent with the notion that

nitrate accumulation is a component of SAS under resource-

independent competition. The occurrence of FR light-mediated

SAS under weed competition has negative outcomes particularly

for crop yield (Huber et al., 2021) and the identification of critical

period for weed control (CPWC) is indispensable for the

conservation of crop yield potential (Knezevic and Datta, 2015).

Our results raise the possibility that in environments with adequate

nitrate for growth, the accumulation of nitrate in response to low R:

FR signals from neighboring weeds may lead to nitrate limitation,

impacting the metabolism, growth, and development of crop plants.

This limitation may offer a new perspective on the empirical

concept of CPWC.
Materials and methods

Plant material and growth conditions

Experimental plants consisted of a hybrid maize (Zea mays (L.)

CG108 x CG102; University of Guelph) and soybean (Glycine max

(L.) Merr. cv OAC Wallace; University of Guelph). Plants were

raised in controlled environment growth chambers (Model CMP

6050 Conviron, Winnipeg, Canada). Growth conditions for maize

and soybean were 16 h light/8 h dark, a temperature of 23°C/18°C

(light/dark), a growth irradiance of 500-600 µmol photons m-2 s-1,

and a relative humidity of 60%. Overhead radiation was supplied

using a combination of white fluorescent tubes and 100 W

incandescent bulbs (Sylvania, Washington, USA). Experimental

plants were raised under three light treatments consisting of a

weed-free control (R:FR ≈ 2.8), a biological low R:FR light (R:FR ≈

0.5), and an artificial low R:FR light (R:FR ≈ 0.5). The weed-free

control, biological low R:FR light, and artificial low R:FR light

treatments were set up by inserting plastic tubes (8 × 18 cm, 1 L) in

the centre of plastic pots (16 × 15 cm, 3.36 L; Airlite Plastics

Company, Omaha, USA). Two and four drainage holes were drilled

into the plastic tubes and plastic pots, respectively. For the weed-

free control and artificial low R:FR light treatments, the

surrounding areas were filled with baked clay granules (Turface

Athletics MVP, Profile Products LLC, Buffalo Grove, USA). For the

biological low R:FR light treatment, the surrounding areas were

filled with a potting mix consisting of peat moss and perlite

(Sunshine #4 Aggergate Plus, Sungro Horticulture, Agawam MA)

and seeded (≈ 200 g m-2) with a commercial grass mixture of 42%

red fescue (Festuca rubra L.), 34% Kentucky bluegrass (Poa

pratensis L.), and 24% perennial ryegrass (Lolium perenne L.)

(The Scotts Company LLC, Marysville, USA). The pots were well

watered and fertilized every two weeks as described previously

(Tollenaar, 1989). The surrogate grass was allowed to grow for two

months to generate a biological source of reflected FR light prior to
Frontiers in Plant Science 03
the start of experiments. Artificial far-red light was supplied using a

combination of 13W FR bulbs (Philips, Koninklijke, N.V.) and

Ray44 Fluence Bars (Fluence, Texas, USA). Maize and soybean

seeds were planted in a potting mix (Sungro, Massachusetts, USA).

All seeds were planted in plastic cups (8 × 10 cm W × H; 355 mL;

Dart Container Corp, Mason, USA) to a depth of two cm. The

plastic cups were inserted in the plastic tubes in each pot. This

prevented direct resource competition between the experimental

plants and the surrounding grass. Light interference was prevented

by placing a corrugated plastic sheet slightly above the plant level

between the pots in the control and biological low R:FR light

treatments. This did not affect the free upward airflow (1.5 m3

min-1) across the growth chamber. Treatments were randomized

across the growth chamber between each replication. Maize plants

were grown for nine days (4-leaf-tip; i.e., Zadoks stage 4) and

fertilized five times with 50 mL of full-strength Hoagland solution

(Hoagland, 1933) every other day. Soybean plants were grown for

14 days and fertilized once with 50 mL full-strength Hoagland

solution. For the intra-specific competition treatment, the

experimental set up involved placing a cup filled with the above-

mentioned potting mix at the center of a pot. The area surrounding

the cup was then filled with the same potting mix to ensure that the

soil level matched that inside the cup. Experiments consisted of a no

kin treatment and a six kin treatment. In the no kin treatment, one

soybean seed was planted in the cup and the area surrounding the

cup remained intact. In the six kin treatment, a single soybean seed

was planted inside the cup, while six evenly spaced soybean seeds

were planted in the surrounding potting mix. The plastic cup served

as a barrier to prevent direct root contact between the central and

surrounding plants. Soybean plants were grown and fertilized as

described earlier. Leaf tissue was consistently harvested for all assays

and consisted of maize second leaves (9-day-old), soybean

unifoliate leaves (11-day-old), and soybean first trifoliate leaves

(14-day-old). Leaf samples were immediately frozen in liquid

nitrogen and ground to a fine powder for assays or stored at -80°

C for later use. The light spectral composition for all treatments was

assessed at plant height. Light quantity and quality, both incoming

and reflected, were measured at 10 different points within each

treatment using a LI-COR-180 spectrometer (Li-COR Biosciences,

Lincoln, NE, USA). For incoming light measurements, the

spectrometer was positioned horizontally at plant height, facing

the light sources. For reflected light measurements, it was held at the

same height but facing the plants. A summary and detailed data on

the light spectral composition for these treatments are presented in

Supplementary Table 1.
Metabolite assays

All chemicals were purchased from Sigma Aldrich Canada

(Oakville, Ontario, Canada) unless otherwise stated. Nitrate was

analyzed by an assay based on nitration of salicylic acid (Cataldo

et al., 1975) using approximately 0.2 g of frozen ground plant tissue.

The spectral absorbance of the complex formed by nitration of

salicylic was measured at A410 against a blank. Nitrate concentration
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was determined by linear regression using a standard curve of

known concentrations of sodium nitrate (0-800 µmol) and

expressed as µmol nitrate per g fresh weight. Ammonium was

analyzed after the charcoal treatment of acidic leaf extracts

(Bräutigam et al., 2007) from approximately 0.2 g of frozen

ground plant tissue. The spectral absorbance of the complex

formed by the addition of phenol-sodium nitroprusside and

sodium hypochlorite-sodium hydroxide solutions were measured

at A620 against a blank. Ammonium concentration was determined

by linear regression using a standard curve of known concentrations

of ammonium chloride (0-1 mmol) and expressed as µmol

ammonium per g fresh weight.
Enzyme assays

For all enzyme assays, protein was extracted from

approximately 0.1 g of frozen ground second leaf using

appropriate buffer solutions, and desalted using a Sephadex G25

column (Amersham Biosciences PD-10). Protein was quantified by

a modified Lowry assay (Larson et al., 1986) using bovine serum

albumin as a standard (0-20 µg/µL). Previously established methods

were used for quantification of activities of nitrate reductase, NR,

and nitrite reductase, NiR (Wray and Fido, 1990; Ali et al., 2007),

glutamine synthetase, GS (Lea et al., 1990), NADH-dependent

glutamine:2-oxoglutarate aminotransferase, NADH-GOGAT

(Esposito et al., 2005), and ferredoxin-dependent glutamine:2-

oxoglutarate aminotransferase, fd-GOGAT (Yang et al., 2016).

The activity of NR was determined using a 100 µL aliquot of the

protein extract for 20 minutes at 25°C, and pH 7.5. Absorbance was

measured at A540 following a 15-minute incubation of the reaction

at 25°C for color development and corrected using a test blank. The

amount of nitrite generated during the reaction was calculated by

linear regression using a standard curve of sodium nitrite (0-10

nmol). The NR activity was expressed as µM nitrite generated per

minute per mg protein. The activity of NiR was determined using a

5 µL aliquot of the protein extract for 10 minutes at 25°C, and pH

7.5. Absorbance was measured at A540 following a 15-minute

incubation of the reaction at 25°C for color development and

corrected against a test blank. The amount of nitrite was

calculated by linear regression using a standard curve of sodium

nitrite (0-10 nmol), and the NiR activity was expressed as µM nitrite

consumed per minute per mg protein. The activity of GS was

determined using a 200 µL aliquot of the protein extract for 15

minutes at 25°C, and pH 7.8. Absorbance was measured at A540,

corrected against a test blank, and the amount of g-glutamyl

hydroxamate (GGH) was calculated using a standard curve of g-
glutamyl hydroxamate (0-300 µmol). The GS activity was expressed

as µmol g-glutamyl hydroxamate per minute per mg protein. The

activity of NADH-GOGAT was determined using a 150 µL aliquot

of the protein extract for six minutes at 25°C, and pH 7.5. The rate

of NADH oxidation was monitored at A340 every minute against a

control to correct for endogenous NADH oxidation. The NADH-
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GOGAT activity was expressed as µmol NADH oxidized per

minute per mg protein. The fd-GOGAT activity was determined

using a 100 µL aliquot of the protein extract for six minutes at 30°C,

and pH 8.5. The rate of NADH oxidation was monitored at A340

every minute, and the ferredoxin-dependent GOGAT activity was

verified using a control that contained all the assay components

except for ferredoxin. The fd-GOGAT activity was expressed as

µmol NADH oxidized per minute per mg protein.
RNA-sequencing

For each treatment (weed-free, biological low R:FR, and

artificial low R:FR light), a pool of the second leaves of maize (9-

day-old) from three individual plants were harvested and replicated

three times. In total, RNA was extracted from nine pooled samples

using TRIzol reagent. The DNase treatment of RNA samples was

performed using an RNase-Free DNase Set (Qiagen). The RNA

quality and quantity were determined using an Agilent TapeStation

4150 (Agilent Technologies). The RNA libraries were constructed in

three replicates with the Illumina TrueSeq RNA kit (Illumina, Inc.)

as described in manufacturer’s protocol. Sequencing of the RNA

libraries were performed on an Illumina sequencer (NovaSeq 6000)

at the Genome Quebec Innovation Center (McGill University,

Canada) to obtain ≈25 million reads per replicate. RNA

sequencing data were processed using a standardized pipeline.

The maize genome assembly and corresponding GFF annotation

file were downloaded from Ensembl Plants (2019, Zm-B73-

REFERENCE-NAM-5.0). The genome was indexed using the

STAR aligner (Dobin et al., 2013, version 2.5.2b) to prepare for

read alignment. Raw FASTQ files were preprocessed using Fastp

(Chen et al., 2018, version 0.23.2) for quality trimming and adapter

removal, ensuring high-quality input reads for downstream

analysis. Trimmed reads were aligned to the indexed maize

genome using STAR, allowing for multimapped reads to be

appropriately handled. The aligner generated BAM files as output,

which were subsequently used for quantification. Gene counts were

extracted from the BAM files using the featureCounts tool (Liao

et al., 2014, 2.0.1), employing the GFF annotation file for feature

definitions. The resulting gene count matrix was imported into R (R

version 4.2.3) for differential gene expression analysis using the

DESeq2 package (Love et al., 2014, version 1.38.3). This analysis

pipeline included normalization and statistical testing to identify

differentially expressed genes. All software was run using default

parameters unless otherwise specified, and custom scripts for data

visualization and additional analyses were executed in R. Adjusted

p-values (padj) were attained within DESeq2 using the Benjamini-

Hochberg false discovery rate (FDR) correction procedure and log2
fold change (lfc) tables were generated as described previously (Zhu

et al., 2019). The RNA-seq raw reads and expression analysis were

deposited in the gene expression omnibus (GEO) data repository

under accession GSE213949 (https://www.ncbi.nlm.nih.gov/gds/

?term=GSE213949).
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Prediction of intracellular localization of
proteins

The protein sequences of DEGs encoding thioredoxins (TRXs)

were obtained from maize genetics database (MaizeGDB; http://

www.maizegdb.org) and the presence of N-terminal pre-sequences

directing proteins to different subcellular compartments was

predicted using the protein subcellular localization prediction tool

WolF PSORT (https://wolfpsort.hgc.jp).
Statistical analysis

All experiments were arranged as a randomized complete block

design with six maize or soybean plants per treatment and three

replications per experiment. The main treatments consisted of

varying light quality (weed-free control, biological, and artificial low

R:FR light). The weed-free control and low R:FR light treatments

were considered the fixed effect. The block and interaction between

treatment and block were considered random effects. All data were

statistically analyzed with generalized linear mixed effects models in

SAS v9.4 (SAS Institute, Cary, NC, USA) using the PROC GLIMMIX

procedure. Data normality was confirmed using the Shapiro-Wilk

test. All data were tested for ANOVA assumptions and least square

means. Least squares means were calculated and the means were

separated using Tukey’s Honest Significant Difference (HSD) test.

The Standard errors were generated with a type 1 error of a = 0.05 to

test for significance among treatments.
Results

Low R:FR light environments increase
nitrate levels but does not affect
ammonium levels in maize leaves

We investigated whether nitrate accumulation can occur in maize

leaves exposed to low R:FR light from neighbouring weeds similar to

that reported previously in spinach leaves (Johnson et al., 1999). We

included in our experiments an artificial source of FR light and

performed our experiments under resource-independent

competition, where competition for incoming light, water and

nutrients were excluded (Figures 1A-F). The biological and artificial

low R:FR light treatments increased nitrate levels in maize leaves by

95% and 52% (p<0.05), respectively, compared with the control

treatment (Figure 1G). In contrast, ammonium levels in the

biological and artificial low R:FR treatments did not differ from

that in the control treatment (Figure 1H). These results demonstrate

that the reflected FR light from neighbouring weeds can indeed

increase nitrate levels in maize leaves. Further, the increase in nitrate

levels and no change in ammonium levels under the low R:FR light

treatments indicate the specificity of this low R:FR light response.
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Increase in leaf nitrate concentration
occurs in soybean in response to low R:FR
light

Soybean seedlings were grown in the weed-free control,

biological low R:FR, and artificial low R:FR light treatments

(Figures 2A-D), and the levels of nitrate and ammonium were

measured in unifoliate leaves to investigate the differences between

the responses of maize and soybean in the low R:FR light

treatments. In a similar manner to maize, nitrate levels in

soybean unifoliate leaves were increased by 50% in the biological

low R:FR treatment and 63% in the artificial low R:FR treatment

relative to the control (p<0.05) (Figure 2E). In addition, the

biological low R:FR treatment did not affect ammonium levels in

soybean unifoliate leaves (Figure 2F), which was consistent with our

findings in maize leaves. Overall, these findings along with the

earlier report of nitrate accumulation in spinach leaves under

supplemental FR light (Johnson et al., 1999) suggest that nitrate

accumulation may occur in a wider range of plant species under low

R:FR light environments.
Increase in leaf nitrate concentration
occurs under intra-specific competition

Neighbouring kin plants that are not overlapping can generate

low R:FR environments during intra-specific competition (Huber

et al., 2021). We used soybean as a representative broad leaf plant to

investigate whether the low R:FR light environment generated by kin

plants during intra-specific competition can also increase leaf nitrate

level (Figures 3A-F). We found that nitrate levels increased by 37% in

the unifoliate leaves (Figure 3G) and 62% in the first trifoliate leaves

(p<0.05) (Figure 3H), when individual soybean seedlings were raised

along with six surrounding kin seedlings in the absence of direct root

contact. These findings suggest that decreases in R:FR light by kin

plants under higher crop plant densities may trigger nitrate

accumulation during intra-specific competition.
Increased nitrate concentration in maize
leaves under low R:FR environments does
not coincide with the upregulation of
vacuolar nitrate transporter genes

We performed RNA-sequencing to gain insights into the impact

of low R:FR light treatments on the expression of genes involved in

nitrogen metabolism in maize leaves. In addition, given the nitrate

accumulation in maize leaves and the crucial role of vacuolar nitrate

transporter genes such as CLCa in nitrate storage in the vacuoles

(Hodin et al., 2023), we sought to determine whether the low R:FR

treatments had an effect on the expression of CLCa in maize leaves

based on CLCa homologs in Arabidopsis.
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As shown in Table 1, our data indicated that ≈ 90% of sequence

reads were mapped to the maize reference genome. Further, 50.6%

and 70.4% of DEGs were found to be specific to biological low R:FR

light and artificial low R:FR light, respectively. On the other hand,

49.4% of DEGs in the biological low R:FR light treatment and 29.6%
Frontiers in Plant Science 06
of DEGs in the artificial low R:FR light treatment were found to be

common between the two treatments (Table 2).

Changes in the expression of genes encoding nitrate assimilation

enzymes were not consistent in the biological and artificial low R:FR

light treatments (Table 3 and Supplementary Table 2). For example,
FIGURE 1

Maize seedlings (9-day-old) in the weed-free control (A) biological low R:FR light (B) and artificial low R:FR light (C) treatments with R:FR ≈ 2.8, ≈
0.5, and ≈ 0.5, respectively. Plastic cups containing maize seedlings in the weed-free control (D) biological low R:FR light (E) and artificial low R:FR
light (F) treatments were uniformly placed in the plastic tubes in the center of the pots, which prevented resource competition between maize and
neighbouring weeds in the biological low R:FR light treatment. Increases in leaf nitrate levels (G) and no change in leaf ammonium levels (H) in the
biological and artificial low R:FR light treatments. The data are presented as least square means ± SE from three independent experiments, each with
six plants per treatment. Means were compared using Tukey’s HSD test (p<0.05). Letters denote statistically significant differences among treatments.
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down-regulation of an NR gene (Zm00001eb122960) and

upregulation of a GS gene (Zm00001eb399860), and a GOGAT

gene (Zm00001eb156610) occurred in the biological low R:FR

light treatment only. On the other hand, two NR genes

(Zm00001eb122720 and Zm00001eb193390) and two GS genes

(Zm00001eb009090 and Zm00001eb054990) were expressed in

opposite directions in the artificial low R:FR light treatment only

(Table 3 and Supplementary Table 2).

With regard to nitrate signaling, we found down-regulation of

an Arabidopsis homolog of nitrate responsive NIN (nodule

inception)-like transcription factor 6 (Zm00001eb339390) in the
Frontiers in Plant Science 07
artificial low R:FR light treatment only, which is thought to be

responsible for the expression of nitrate inducible genes in

Arabidopsis (Konishi and Yanagisawa, 2013). Interestingly, no

DEGs involved in nitrate signaling were found in the biological

low R:FR light treatment (Table 3 and Supplementary Table 2).

Given the importance of nitrate transporters in the uptake,

transport, and storage of nitrate within plant tissue, we looked for

DEGs encoding nitrate transporters in the biological and artificial

low R:FR light treatment. We found an inconsistent upregulation of

a nitrate transporter (Zm00001eb291130) with similarity to

Arabidopsis NPF4.3 with unknown substrate (Léran et al., 2014)
FIGURE 2

Soybean seedlings (11-day-old) in the weed-free control (A) biological low R:FR light (B) and artificial low R:FR light (C) treatments with R:FR ≈ 2.8, ≈
0.5, and ≈ 0.5, respectively. Plastic cups containing soybean seedlings (D) show normal growth in the weed free treatment (left) and elongation
growth in response to low R:FR in the biological low R:FR light (middle), and artificial low R:FR light (right) treatments. Increases in leaf nitrate levels
in the biological and artificial low R:FR light treatments (E) and no change in leaf ammonium level (F) in the biological low R:FR treatment. The data
are presented as least square means ± SE from three independent experiments, each with six plants per treatment. Means were compared using
Tukey’s HSD test (p<0.05). Letters denote statistically significant differences among treatments.
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in the artificial low R:FR light, and downregulation of a nitrate

transporter (Zm00001eb162310) with similarity to the fungal

nitrate transporter crnA (colonial restriction nitrate) (Unkles

et al., 1991) in the biological low R:FR light treatment (Table 3

and Supplementary Table 2). In contrast, while an ammonium

transporter (Zm00001eb063910) was consistently downregulated in

the biological and artificial low R:FR light treatments, a second

ammonium transporter (Zm00001eb247430) was downregulated in

the artificial low R:FR treatment only (Tables 3, 4, and

Supplementary Table 2).

Increase in expression of peptide transporters can result in

enhanced leaf nitrogen content and plant growth (Komarova et al.,

2008). In maize leaves, we found that nine DEGs in the artificial low

R:FR light treatment and six DEGs in the biological low R:FR light
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treatment encoded peptide transporters (Tables 3, 4 and

Supplementary Table 2). The upregulation of one DEG

(Zm00001eb025880) and downregulation of three DEGs

(Zm00001eb287980, Zm00001eb245250, and Zm00001eb371840)

commonly occurred in both treatments (Tables 3, 4 and

Supp lementary Tab le 2) . The pro te ins encoded by

Zm00001eb025880 and Zm00001eb287980 displayed highest

similarities (84%, and 87%) to orthologs of unknown function in

Sorghum bicolor (L.) Moench (SORBI 3001G276400 and SORBI

3009G136700, respect ive ly) . The protein encoded by

Zm00001eb245250, however, showed even greater similarity

(89%) to an ortholog in Sorghum bicolor (SORBI 3004G193000)

and to a lesser extent (61%) to an ortholog in Arabidopsis

(AT3G21670). These two orthologs encode a member of the
FIGURE 3

Experimental set up for intra-specific competition (A) and a soybean seedling (11-day-old) in the absence of kin seedlings (B) as a no kin control and
in the presence of six kin seedlings (C) with R:FR ≈ 2.8 and ≈ 0.5, respectively. Plastic cups were placed in the center of the pots such that soil level
in each plastic cup was matched with that in the surrounding area in the pot (D). Normal growth of a soybean seedling in the absence of kin (E) and
elongation growth in the presence of six kin seedlings (F). Note that the plastic cup prevents direct roots contact between the soybean seedling in
the cup and six surrounding kin seedlings in the pot. Increase in leaf nitrate level in the unifoliate leaves (G) and first trifoliate leaves (H) under intra-
specific competition with six kin seedlings. The data are presented as least square means ± SE from three independent experiments, each with six
plants per treatment. Means were compared using Tukey’s HSD test (p<0.05). Letters denote statistically significant differences among treatments.
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NRT1/PTR (nitrate transporter/peptide transporter) family 6.4,

where most of the members are known to be nitrate transporters

(Leran et al., 2014). The encoded protein by Zm00001eb371840

showed highest identity (84%) to an ortholog in Sorghum bicolor

(SORBI 3010G099700), which encodes a putative oligopeptide

transporter. It shows, however, a low identity (43%) to an

ortholog in Arabidopsis (AT5G14940), which has been identified

(NPF5.8) as an exporter of the metal chelator nicotianamine (Chao

et al., 2021).

Since amino acid transporters can also influence nitrate levels in

plant leaves (Perchlik and Tegeder, 2018), we looked for DEGs

encoding amino acid transporters in maize leaves in the biological

and artificial low R:FR light treatments. We found that 11 DEGs in

the artificial low R:FR light treatment and five DEGs in the

biological low R:FR light treatment encoded amino acid

t r an spor t e r s . Among the s e , on l y the upregu l a t i on

Zm00001eb080770 and Zm00001eb303770, and downregulation

of Zm00001eb349050 in the biological low R:FR light treatment,

were consistent with those in the artificial low R:FR light treatment

and therefore, these transcriptional changes were most likely due to

the reflected FR light from neighbouring weeds (Tables 3, 4 and

Supp l emen t a ry Tab l e 2 ) . The p ro t e in encoded by

Zm00001eb080770 is predicted to be an amino acid/auxin

permease11, which displays 75% and 83% identity to it orthologs

in monocot grass species Brachypodium distachyon (L.) P.Beauv.

and Setaria italica (L.) P.Beauv., respectively. These two orthologs,

however, are hypothetical proteins of unknown function. The

encoded protein by Zm00001eb303770 is highly identical (93%)

to its ortholog of unknown function in Sorghum bicolor (SORBI
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3002G082900) but displays low identity (44%) to its ortholog the

Arabidopsis nitrate transporter 1 (ANT1) (AT3G11900), which

encodes an aromatic and neutral amino acid transporter involved

in moving amino acids out of the phloem (Yao et al., 2020) and its

expression is known to be regulated by nitrate (Liu and Bush, 2006).

Overall, the possibility that the above transcriptional responses

to low R:FR light may influence nitrate content of maize leaves

cannot be excluded. While the RNA-seq results revealed a range of

differentially expressed genes that are proven to be linked to nitrate

metabolism and transport, we did not observe evidence specifically

implicating vacuolar nitrate transporter genes in the regulation of

nitrate levels under low R:FR light conditions.
Increase in nitrate concentration of maize
leaves under low R:FR environments
coincides with a decrease in fd-GOGAT
activity

In higher plants, light plays important roles in the regulation of

activities of nitrate assimilation enzymes (Fan et al., 2019; Suzuki

et al., 2001; Teller et al., 1996; Elmlinger and Mohr, 1991; Hecht

et al., 1988). To gain insights into the impact of the low R:FR

treatments on the activities of nitrate assimilation enzymes in maize

laves and a possible relationship between these activities and nitrate

accumulation, we compared the activities of NR, NiR, GS, NADH-

GOGAT, and fd-GOGAT in maize leaves in the low R:FR light

treatments with that in the weed-free control. The biological and

artificial low R:FR light treatments did not result in significant
TABLE 1 Percentages of paired-end sequence reads mapped to the maize reference genome.

Treatment Replicate No. base pairs sequenced No. mapped reads Percent mapped

Weed-free control

1 27248251 30306987 89.8%

2 28428221 31768245 89.9%

3 34095641 37835507 90.1%

Biological low R:FR

1 21443086 23940714 89.6%

2 25824560 28984602 89.1%

3 36645896 40657651 90.1%

Artificial low R:FR

1 30428000 33831687 89.9%

2 20844175 23233666 89.7%

3 27370162 30456614 89.9%

Average 28036443 31223963 89.7%
TABLE 2 Numbers and percentages of treatment-specific and common DEGs in the biological and artificial low R:FR light treatments relative to
the control.

DEGs Biological low R:FR Percentage Artificial low R:FR Percentage

Specific 1153 50.6% 2676 70.4%

Common 1124 49.4% 1124 29.6%

Total 2277 3800
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changes in the activities of NR, NiR, GS, and NADH-GOGAT

compared with that in the control (Figures 4A-D). In contrast, the

biological and artificial low R:FR light treatments resulted in 30%

and 29% decrease in fd-GOGAT activity, respectively (p<0.05)

(Figure 4E). This decrease in activity of a single enzyme

throughout the nitrate assimilation pathway may be a

contributing factor to increases in nitrate concentration in maize

leaves in the biological and artificial low R:FR light treatments and

further suggests the specificity of the low R:FR action on the fd-

GOGAT activity in maize leaves during weed competition.
Thioredoxins may play a role in modulation
of nitrate metabolism under low R:FR
environments

We found 15 DEGs in the biological low R:FR light treatment

and 11 DEGs in the artificial low R:FR light treatment that encoded

thioredoxins (TRXs). Analysis of subcellular localizations of these

TRXs by the protein subcellular localization prediction tool WolF

PSORT (https://wolfpsort.hgc.jp) predicted that nine (out of 15)

TRXs in the biological low R:FR light treatment and eight (out of

11) TRXs in the artificial low R:FR light treatment were localized in

the chloroplast. Among these, three chloroplast-localized TRXs

displayed similar expression patterns in both treatments (Table 5,

Supplementary Table 2). It is known that reduced ferredoxin
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transfers electrons to TRXs via the action of ferredoxin

thioredoxin reductase, which enables TRXs to reduce disulfide

bonds on their target enzymes (Lemaire et al., 2007). In this

regard, four DEGs in the biological low R:FR light treatment and
TABLE 4 Commonly up (+) or down (-) regulated ammonium, peptide,
and amino acid transporter genes in the biological and artificial low R:FR
light treatments.

Function Biological low R:FR Artificial low R:FR

DEGs Log2FC p-value Log2FC p-value

Ammonium transporters

Zm00001eb063910 -0.11 1.46E-03 -2.18 8.94E-05

Peptide transporters

Zm00001eb025880 +0.57 5.53E-05 +0.75 2.02E-07

Zm00001eb287980 -0.66 1.42E-03 -0.40 1.30E-02

Zm00001eb245250 -0.65 4.09E-06 -0.66 7.49E-07

Zm00001eb371840 -0.95 6.5E-10 -1.24 7.32E-16

Amino acid transporters

Zm00001eb080770 +1.49 1.46E-08 +1.14 2.59E-05

Zm00001eb303770 +0.66 2.88E-05 +0.51 7.70E-04

Zm00001eb349050 -0.71 1.57E-07 -0.53 7.21E-06
fro
TABLE 3 Numbers of treatment-specific and common DEGs in the biological and artificial low R:FR light treatments involved in maize
nitrogen metabolism.

Gene function Biological low R:FR Artificial low R:FR Common DEGs Total DEGs

Nitrate assimilation enzymes 3 4 0 7

2 (+) 2 (+) 0 (+) 4 (+)

1 (-) 2 (-) 0 (-) 3 (-)

Nitrate signaling 0 1 0 1

0 (+) 0 (+) 0 (+) 0 (+)

0 (-) 1 (-) 0 (-) 1 (-)

Nitrate transporters 1 1 0 2

0 (+) 1 (+) 0 (+) 1 (+)

1 (-) 0 (-) 0 (-) 1 (-)

Ammonium transporters 0 1 1 2

0 (+) 0 (+) 0 (+) 0 (+)

0 (-) 1 (-) 1 (-) 2 (-)

Peptide transporters 2 5 4 11

2 (+) 2 (+) 1 (+) 5 (+)

0 (-) 3 (-) 3 (-) 6 (-)

Amino acid transporters 2 8 3 13

1 (+) 1 (+) 2 (+) 4 (+)

1 (-) 7 (-) 1 (-) 9 (-)
(+): Upregulation; (-): Downregulation.
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six DEGs in the artificial low R:FR light treatment were found to

encode ferredoxin. Among these, three DEGs displayed similar

expression patterns in both treatments (Table 5, Supplementary

Table 2). Although TRXs regulate multitude of chloroplast

processes (Lemaire et al., 2007), these transcriptional responses

raise the possibility of involvement of TRXs in regulation of nitrate

metabolism under low R:FR environments.
Discussion

Activation of SAS (Ballaré and Pierik, 2017) is an adaptive

response to low R:FR light signals generated by proximate

vegetation (Schmitt et al., 2003). Although this adaptive response

supports plant survival against competitors, it can adversely affect

crop fitness, disease resistance, and yield potential (Evers et al., 2006;

Warnasooriya and Brutnell, 2014; Libenson et al., 2002; Ballaré, 2014;

Boccalandro et al., 2003; Weijschedé et al., 2006; Courbier et al., 2021;
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De Wit et al., 2013; Xiang et al., 2021; Xie et al., 2011). These adverse

effects are caused by a myriad of changes at the subcellular to whole

plant level. The present study provides evidence that low R:FR signals

can also cause changes in the nitrate assimilation pathway. The

increase in leaf nitrate concentration appears to be a specific response

to the presence of neighbouring weeds as we found it to occur in corn

and soybean. The demonstration of a similar response to artificial low

R:FR light strongly suggests that nitrate accumulation in the

biological low R:FR light treatment is due to reflected FR light from

neighbouring weeds and it may be a component of the low R:FR-

induced stress response (Figure 1 and 2). Further, a similar increase in

leaf nitrate concentration in individual soybean seedlings grown

simultaneously with six neighbouring kin seedlings (Figure 3)

suggests the possibility of nitrate accumulation in response to the

low R:FR signals generated during intra-specific competition that

occurs under high density planting.

Decreased leaf fd-GOGAT activity in the biological and artificial

low R:FR light treatments appeared to be a unique response to
FIGURE 4

Activities of nitrate reductase, NR (A) nitrite reductase, NiR (B) glutamine synthetase, GS (C) NADH-dependent glutamine:2-oxoglutarate
aminotransferase, NADH-GOGAT (D) and ferredoxin-dependent glutamine:2-oxoglutarate aminotransferase, fd-GOGAT (E) in the second leaf of
maize seedlings (9-day-old) in the weed-free control, biological low R:FR light, and artificial low R:FR light treatments with R:FR ≈ 2.8, ≈ 0.5, and ≈

0.5, respectively. fd, ferredoxin; GGH, gamma glutamyl hydroxamate; NADH, beta-nicotinamide adenine dinucleotide. Note that the low R:FR light
treatments changed the fd-GOGAT activity only. The data are presented as least square means ± SE from three independent experiments, each with
six plants per treatment. Means were compared using Tukey’s HSD test (p<0.05). Letters denote statistically significant differences among treatments.
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reflected FR light as activities of other nitrate assimilation enzymes

remained unchanged (Figure 4). This finding is consistent with a

previous report, where fd-GOGAT activity in etiolated maize leaves

was increased by red light pulses and reversibly repressed by far-red

light pulses while NADH-GOGAT activity remained constant

(Suzuki et al., 2001). In addition, phytochrome-mediated

regulation of fd-GOGAT activity has been demonstrated in the

turions of Spirodela polyrhiza, where red light-mediated activation

of fd-GOGAT was reverted by far-red light (Teller et al., 1996). The

GS/fd-GOGAT cycle in the leaf chloroplasts is the main pathway for

primary nitrogen assimilation and photorespiratory ammonium re-

assimilation (Potel et al., 2009; Coschigano et al., 1998). A dramatic

decrease in fd-GOGAT activity in the rice ABC1-1 (ABNORMAL

CYTOKININ RESPONSE 1) mutant was accompanied by increases

in soluble sugar and total nitrogen levels (Yang et al., 2016). We also

found that the low R:FR-mediated decrease in leaf fd-GOGAT

activity coincided with increased nitrate concentration in maize

leaves (Figure 1 and 4). Decreased fd-GOGAT activity may not be

the sole factor responsible for the low R:FR light-mediated nitrate

accumulation in maize leaves. The involvement of other factors

such as increased root to shoot translocation of nitrate and its

storage in the vacuole cannot be excluded. The importance of

vacuoles as a major nitrate storage pool was highlighted in earlier

studies, where 58% and 99% of barley protoplast nitrate were found

in the vacuoles (Martinoia et al., 1981; Granstedt and Huffaker,

1982). As shown previously in barley leaves, increased nitrate influx

to the small ‘metabolic’ pool would induce NR activity, while

diversion of nitrate away from the site of metabolism and its

transfer to the vacuole as a large ‘storage’ pool resulted in hardly

detectable NR activity in the vacuolar preparations (Martinoia et al.,

1981). In a similar manner, increased leaf nitrate concentration and

the lack of induction of NR activity in the low R:FR light treatments

may be indicative of nitrate accumulation in the vacuoles.

It is known that nitrate plays a role as an osmoticum in the

vacuole compensating for soluble carbohydrates and organic acids,

whose synthesis decline under light limiting conditions (Umar and

Iqbal, 2007). We surmised that nitrate accumulation in maize leaves

might have occurred in the vacuole in exchange for soluble
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carbohydrates required for rapid elongation growth under low R:FR

light. Such replacement of soluble carbohydrates with nitrate may

require changes in the expression of vacuolar nitrate transporters.

Vacuolar nitrate storage and efflux are regulated by an array of

vacuolar nitrate transporters (De Angeli et al., 2006; Lu et al., 2022).

For example, Arabidopsis CLCa is a nitrate proton antiporter that is

localized in the tonoplast and transports nitrate from the cytosol to

the vacuolar lumen (De Angeli et al., 2006). Further, disruption of

AtCLC-a by T-DNA insertion resulted in a dramatic reduction in

nitrate content under excess nitrate suggesting a specific role for

AtCLC-a in modulating nitrate status (Geelen et al., 2000). In contrast

to our assumption, no orthologs of Arabidopsis vacuolar nitrate

transporters were found among DEGs in the low R:FR treatments

(Supplementary Table 2). In addition, two DEGs encoding nitrate

transporters displayed opposing responses in the artificial and

biological low R:FR treatments (Supplementary Table 2). Overall,

our data (Tables 3, 4, and Supplementary Table 2) indicate that both

the biological and artificial low R:FR light treatments influence the

expression of transporter genes involved in the transport of nitrate,

ammonium, peptides, and amino acids, however, the magnitude and

direction of regulation vary across different environments. The

artificial low R:FR light treatment appeared to have a more

significant effect on the expression of ammonium transporters.

Peptide transporters were predominantly downregulated, again,

with stronger effects in the artificial low R:FR light treatment.

Meanwhile, amino acid transporter genes showed a more varied

response, with both upregulation and downregulation observed

depending on the specific gene and treatment. These findings

highlight the complexity of maize responses to light quality and

further suggest that changes in R:FR light under biological conditions

may have a dramatically different impact on transcription of certain

transporter genes compared with that under artificially manipulated

R:FR light conditions. Given the important roles of nitrate, peptide,

and amino acid transporters in the regulation of nitrate levels within

plants, we do not rule out the possibility that the above changes in the

expression of nitrate, peptide, and amino acid transporters may

contribute to nitrate accumulation in maize leaves in the low R:FR

light treatments.
TABLE 5 Predicted subcellular localization of commonly up (+) or down (-) regulated thioredoxin and ferredoxin genes in the biological and artificial
low R:FR light treatments.

Function Biological low R:FR Artificial low R:FR WoLF PSORT

DEGs Log2FC p-value Log2FC p-value prediction

Thioredoxin genes

Zm00001eb193260 +0.46 6.84E-04 +0.97 2.17E-10 Chloroplast

Zm00001eb042600 +0.59 2.77E-06 +0.69 2.64E-07 Chloroplast

Zm00001eb015550 -0.26 5.77E-03 -0.60 3.34E-05 Chloroplast

Ferredoxin genes

Zm00001eb421930 +0.93 1.23E-03 +1.38 3.03E-05 Chloroplast

Zm00001eb083950 +0.64 5.56E-05 +0.69 3.63E-05 Chloroplast

Zm00001eb174420 -0.92 2.71E-09 -0.30 4.22E-03 Chloroplast
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Thioredoxins (TRXs) play major roles in the regulation of

chloroplast processes including nitrogen metabolism (Lemaire

et al., 2007). In particular, NiR (Marchand et al., 2004), GS

(Motohashi et al., 2001; Balmer et al., 2004), and fd-GOGAT

(Lichter and Haüberlein, 1998) are known TRX targets. The

concurrent transcriptional responses of TRXs and ferredoxins

suggest that the TRXs, which are commonly expressed in the

biological and artificial low R:FR light treatments (Table 5), may

be involved in the regulation of chloroplast processes including

nitrate metabolism in response to weed competition cues.

Several nitrate transporters are involved in nitrate influx into roots

and in root xylem loading that distribute nitrate to the shoot (Krapp

et al., 2014). We did not assess the transcript levels of nitrate

transporters in roots as manipulation of root samples including soil

removal or root washing and drying could affect root transcriptome

responses thus confounding the low R:FR-specific effects. Therefore,

our experiments cannot rule out the possibility that a low R:FR light-

mediated induction of root nitrate transporters may increase nitrate

transport from roots to shoots. We are, however, not aware of any

previous study that provides a link between a shoot perceived low R:

FR signal and induction of a root nitrate transporter gene. Further, a

brief exposure to FR light did not affect nitrate uptake by etiolated rice

seedlings suggesting the lack of involvement of phytochrome in nitrate

uptake (Sasakawa and Yamamoto, 1979). It is, however, worthwhile

mentioning that repression of Arabidopsis lateral root development by

a shoot perceived low R:FR signal occurs via the transport of HY5 to

the root and indirect repression of NRT2.1 (VanGelderen et al., 2021).

In conclusion, perception of low R:FR signals generated by

neighbouring weeds leads to accumulation of nitrate in maize

leaves. The occurrence of a similar response in distantly related

species including soybean suggests that the low R:FR-mediated

accumulation of nitrate may be an important component of SAS.

Although a multitude of factors may be involved in nitrate

accumulation in plant leaves, a reduction in fd-GOGAT activity

in maize leaves appears to be a contributing factor to the low R:FR

light-mediated nitrate accumulation. Given the established action of

nitrate accumulation in the plant shoot as a signal to regulate

biomass partitioning between shoot and root, the low R:FR light-

mediated accumulation of nitrate in leaves may act as a signal that

causes typical decreases in root to shoot ratios in crop plants under

weed competition. Lastly, our findings are not intended to serve as

predictor of nitrate accumulation at the whole plant level as the

plants mature under competition stress but rather a snapshot of

time, when the seedling response to low R:FR is readily detectable.

These findings warrant further research into the duration of nitrate

accumulation and the time of recovery following the removal of

competition stress in agricultural settings.
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